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Introduction {#SECID0ECH}
============

The digestive system in terrestrial isopods is composed of a foregut, hindgut, and hepatopancreas (midgut glands). The foregut and hindgut are of ectodermal origin and form the entire alimentary canal, thus the blind-ending tubules of hepatopancreas connected to the foregut represent the only endodermal part of digestive system ([@B69], [@B23], [@B2], [@B62], [@B66]). In some amphibious species, a short segment of endodermal midgut is located between the foregut and the hindgut ([@B63]). The hindgut is divided into an anterior chamber, papillate region and short rectum separated from the papillate region by a muscular sphincter. In the anterior chamber of terrestrial isopods, the folded dorsal hindgut wall forms a dorsal longitudinal fold termed typhlosole, together with two typhlosole channels. In the papillate region the dome-shaped basal parts of epithelial cells bulge into haemocoel between the longitudinal and circular muscles surrounding the hindgut (Hassal and Jennings 1975, [@B22], [@B63]). [@B22] reported that the anterior chamber is the site where digestion of food mixed with digestive enzymes takes place, while the papillate region is involved in compaction of faecal pellets and removal of water.

The hindgut epithelium is mono-layered and lined by a chitinous cuticle on the luminal side. Basal parts of the epithelial cells are supported by a basal lamina and are exposed to haemolymph. The hindgut cuticle is thin and consists of two distinct layers, the electron dense epicuticle facing the lumen and the electron lucent procuticle beneath. Posteriorly directed cuticular spines are present at the surface of epicuticle ([@B69], [@B53], [@B62], [@B51]). The main ultrastructural characteristics of hindgut epithelial cells are the extensively infolded apical and basal plasma membranes, numerous mitochondria associated with membrane infoldings, abundant apico-basally oriented microtubules, and extensive septate junctions ([@B69], [@B15], [@B53], [@B62]). Previous ultrastructural studies have provided knowledge concerning the general ultrastructure of hindgut epithelial cells in isopods. The specific gaps to be addressed are the differences in the ultrastructure of hindgut epithelial cells in the two main hindgut regions, the anterior chamber, and the papillate region.

Notwithstanding the presence of apical chitinous cuticle, the ultrastructural characteristics indicate that the hindgut epithelium is involved in various transport processes. The epithelium of the anterior chamber was reported to function in the absorption of food material in addition to the hepatopancreas, which represents the main site of food absorption ([@B27], [@B22]). Extensively infolded apical and basal plasma membranes associated with numerous mitochondria, abundant microtubular network and extensive septate junctions indicate the involvement of papillate region epithelium in ion and water transport and thus in osmoregulation ([@B69], [@B15], [@B53]). Ultracytochemical localisation of Na^+^/K^+^-ATPase activity in the hindgut of *Armadilloofficinalis* has shown Na^+^/K^+^-ATPase activity in the apical or basolateral plasma membrane infoldings ([@B72]).

The aim of the present study is ultrastructural characterisation, quantification of the selected characters and comparison of the hindgut epithelial cells in the anterior chamber and the papillate region of terrestrial isopod *Porcellioscaber* to upgrade previous knowledge and to get additional insight into the hindgut functional morphology. The selected ultrastructural features for a detailed analysis were: (i) cuticle, (ii) apical and basal plasma membrane labyrinths, and (iii) cell junctions. A comparative investigation of the selected ultrastructural features in the anterior chamber and papillate region epithelium is presented, including quantitative evaluation of the selected morphological characteristics, and the possible functional implications are discussed. A method for cytochemical localisation of Na^+^/K^+^-ATPase activity in the hindgut of strictly terrestrial isopod *P.scaber* was used to demonstrate ion fluxes in the hindgut epithelium of intermoult and postmoult specimens.

Materials and methods {#SECID0EMDAC}
=====================

Sample preparation and imaging {#SECID0EQDAC}
------------------------------

A laboratory culture of *P.scaber* was maintained in a glass terrarium with a ground cover of soil and leaf litter. Animals were bred at 25 °C, in high humidity and a 12h light/12h dark cycle. In this study the hindgut samples of seven adult intermoult animals were analysed at the levels of light and electron microscopy. Three animals were anesthetised by cooling and dissected in a physiological solution (0.9% NaCl). The hindguts were isolated and fixed in 2.5 % glutaraldehyde in 0.1 M HEPES buffer (pH 7.2). Four animals were anesthetised with diethyl ether, dissected in a solution of 2 % paraformaldehyde and 2.5% glutaraldehyde in 0.1 M HEPES buffer (pH 7.2) and isolated hindguts were fixed in the same fixative solution. After fixation, all samples were rinsed with 0.1 M HEPES buffer and post-fixed in 1 % OsO~4~. Subsequently the samples were rinsed again with 0.1 M HEPES buffer. Before the embedding samples were dehydrated in a graded series of ethanol (50 %, 70 %, 80 %, 90 %, and 100 % ethanol) and transferred to absolute acetone. After the dehydration, samples were infiltrated and embedded in Agar 100 resin. Resin-embedded samples were polymerised in embedding moulds for 48 h at 60 °C. Semithin and ultrathin sections were cut with glass and diamond knives on Reichert Ultracut S ultramicrotome (Leica). Semithin sections were stained with Azure II -- Methylene Blue and imaged with AxioImager Z.1 light microscope (Zeiss). Microscopic images were acquired with a HRc Axiocam camera using Axiovision software. Ultrathin sections were contrasted with 4 % uranyl acetate and 10 % lead citrate and examined with a Philips CM100 transmission electron microscope. Microscopic images were acquired with Bioscan 792 and Orius 200 (Gatan) cameras using Digital Micrograph software.

Measurements of selected morphological characteristics {#SECID0EDEAC}
------------------------------------------------------

Measurements of cell size and cell nuclei diameter, cuticle and basal lamina thicknesses, depth of membrane labyrinths and spatial density of membrane infoldings were carried out with Fiji/ImageJ software for processing and analysis of digital micrographs. Cell height and width and largest cell nucleus diameter were measured on light micrographs with a straight-line tool in Fiji (Fig. [1A](#F1){ref-type="fig"}). Measurements were done on seven individual animals. In each animal we measured 7--29 cells from the anterior chamber and from the papillate region. Only cells sectioned across their cell nucleus were measured. In the Results section, measurements are presented graphically with a scatter plot depicting the median values of cell width, cell height and cell nucleus diameter in the anterior chamber against median values in the papillate region of seven animals. In the supplementary information (SI), individual measurements from the two hindgut regions of individual animals are presented graphically with boxplots accompanied by stripcharts. Measurements of cuticle and basal lamina thicknesses and membrane labyrinths depths were done on 3 individual animals. For each animal 7--71 measurements were made on 1--4 cells from the anterior chamber and from the papillate region. For measurements of cuticle and basal lamina thicknesses overlays of multipurpose grid on the electron micrographs were made in Fiji. The multipurpose grid is available as macro at: <https://imagej.nih.gov/ij/macros/Multipurpose_grid.txt>. The thicknesses of the cuticle and of the basal lamina were measured at the intersections of grid lines with the cuticle/basal lamina surface. Measurements were made perpendicular to the cuticle/basal lamina surface with a straight-line tool (Fig. [1B](#F1){ref-type="fig"}). In the Results section, measurements are presented graphically with stripcharts depicting median values of cuticle thickness and basal lamina thickness in cells from the anterior chamber and the papillate region of 3 animals. In the SI, individual measurements on cells from the two hindgut regions of each animal are presented graphically with boxplots accompanied by stripcharts. For measurements of apical and basal membrane labyrinth depths the edges of the membrane labyrinths were outlined on electron micrographs with segmented line tool in Fiji and overlays of multipurpose grid on micrographs were made. Membrane labyrinth depth was measured at intersections of grid lines with the outline of membrane labyrinth edge. Measurements were made perpendicular to the apical/basal cell surface with a straight-line tool (Fig. [1C](#F1){ref-type="fig"}). In the Results section, measurements are presented graphically with scatter plots depicting the median values of apical labyrinth depth against median values of basal labyrinth depth in cells from the anterior chamber and the papillate region of three animals. In the SI, individual measurements on cells from the two hindgut regions of each animal are presented graphically with boxplots accompanied by stripcharts. Measurements of spatial density of membrane infoldings were done on three individual animals. For each animal 1--6 measurements were made on 1--4 cells from the anterior chamber and from the papillate region. In Fiji the apical/basal cell surface were outlined with a segmented line tool. The length of outline was measured and the number of membrane infoldings along the outline was counted (Fig. [1D](#F1){ref-type="fig"}). The density of membrane infoldings per 1 µm of apical/basal cell surface was calculated. In the Results section, measurements are presented graphically with scatter plots depicting median values of apical infolding density against median values of basal infolding density in cells from the anterior chamber and the papillate region of three animals. In the SI, individual measurements on cells from the two hindgut regions of each animal are presented graphically with stripcharts. All plots were done in RStudio.

![Measurements in ImageJ/Fiji. **A** Measurements of cell width (line a), height (line b) and nucleus diameter (line c) **B** Measurements of cuticle and basal lamina thickness. Cuticle and basal lamina thickness (yellow lines) were measured at intersections of grid lines (blue grid) with cuticle/basal lamina surface **C** Measurements of membrane labyrinths depth. Membrane labyrinth depths (yellow lines) were measured at intersections of grid lines (blue grid) with the outline of membrane labyrinth edge (red line) **D** Measurements of spatial density of membrane infoldings. The length of apical/basal surface outline (red line) was measured and the infoldings along the outline (yellow points) were counted.](zookeys-801-427-g001){#F1}

Na+/K+-ATPase activity {#SECID0EDGAC}
----------------------

Ultracytochemical localisation of ouabain-sensitive Na^+^/K^+^-ATPase activity (K^+^-NPPase) in the hindgut of *P.scaber* was performed in postmoult and intermoult adults, using the method of [@B47]. Adult postmoult and intermoult specimens of *P.scaber* were dissected and the hindguts were isolated and cut into small pieces of the anterior and papillate parts. Tissue samples were fixed in 0.5 % glutaraldehyde and 2 % paraformaldehyde in 0.1 M sodium cacodylate buffer (pH 7.4). After fixation tissue samples were incubated for 20 min at 25 °C in a medium containing 250 mM glycine/KOH buffer (pH 9), 4 mM lead citrate, 25 % DMSO, 10 mM p-nitrophenylphosphate (p-NPP), and 2.5 mM levamisole. Tissue samples for controls were incubated in 1) a substrate-free (p-NPP) medium, 2) a medium in which K^+^ ions were replaced by Na^+^ ions and 3) a medium containing 10 mM ouabain, an inhibitor of K^+^-NPPase activity. Tissue samples were then postfixed in 1 % osmium tetroxide and embedded in Spurr resin. Unstained ultrathin sections were examined with a Gatan Bioscan 972 camera attached to a TEM Philips CM 100.

Results {#SECID0EXHAC}
=======

Histological structure {#SECID0E2HAC}
----------------------

Cells forming the ventral and lateral hindgut wall of anterior chamber are isodiametric and dome-shaped, their apical parts protruding into the lumen of the anterior chamber (Fig. [2A, B](#F2){ref-type="fig"}). The dorsal epithelial cells that build the typhlosole and typhlosole channels are flatter and wider than cells of the ventral and lateral walls (Fig. [2C, D, E](#F2){ref-type="fig"}). In the papillate region, epithelial cells are isodiametric, and in contrast to those in the anterior chamber, display dome-shaped basal parts, which protrude into the haemocoel (Fig. [2F, G](#F2){ref-type="fig"}). Muscle layers are present on the basal side of epithelium in both hindgut regions and are more abundant in the anterior chamber.

Our measurements of cell width, cell height and cell nuclei size do not reveal difference in the size of the cells and their nuclei between the two hindgut regions (Fig. [3](#F3){ref-type="fig"}). Cells in both regions are large and the majority of the cells in the anterior chamber are 40 to 80 µm wide and 40 to 100 µm high. In the papillate region the majority of the cells are 60 to 90 µm wide and 50 to 80 µm high. All hindgut cells have large cell nuclei, which in a majority of the cells are between 20 and 50 µm in diameter (Suppl. material [1](#S1){ref-type="supplementary-material"}).

![Histological structure of the hindgut epithelium in the anterior chamber and papillate region. **A** Ventral-lateral epithelium in the anterior chamber **B** Apical parts of ventral and lateral epithelial cells are bulging into the hindgut lumen **C** Dorsal epithelium in the anterior chamber forms typhlosole (T) and two typhlosole channels (TC) **D** Epithelial cell of typhlosole **E** Epithelial cell of typhlosole channel **F** Hindgut epithelium in the papillate region **G** Basal parts of epithelial cells in the papillate region are bulging into haemocoel. Abbreviations: M -- muscles, N -- cell nucleus.](zookeys-801-427-g002){#F2}

![Cell width, cell height and cell nucleus diameter in the two hindgut regions. Scatter plot depicting median values of cell width, cell height and cell nucleus diameter in the anterior chamber against median values of same parameters in the papillate region of seven specimens. The central line is the line of equality. Points lying on the line indicate that the median value of measured parameter is equal in both hindgut regions. Points below the line indicate that the median value of measured parameter is larger in the anterior chamber than in the papillate region. Points above the line indicate that the median value of measured parameter is larger in the papillate region than in the anterior chamber.](zookeys-801-427-g003){#F3}

Cuticle ultrastructure {#SECID0ECKAC}
----------------------

The apical side of the epithelium in both hindgut regions is lined by a cuticle, which consists of an outer electron dense epicuticle and an inner electron lucent procuticle (Fig. [4A, B](#F4){ref-type="fig"}). The epicuticle consists of thin three-layered outer part and thicker electron dense inner part. The outer part of epicuticle is about 10 nm thick and consists of two electron dense sheets enclosing a central electron lucent sheet. The inner part of epicuticle is homogenous and 300--500 nm thick in the anterior chamber and 700--900 nm thick in the papillate region. The outer part of epicuticle is covered with a fuzzy layer on the luminal surface (Fig. [4C, D](#F4){ref-type="fig"}). Between the epicuticle and the procuticle a thin layer of intermediate electron density is present (Fig. [4A, B](#F4){ref-type="fig"}). No pore canals were observed in the hindgut cuticle. The thickness of the entire cuticle in both hindgut regions is in the range between 1.5 and 3 µm (Fig. [5A](#F5){ref-type="fig"}, Suppl. material [2](#S2){ref-type="supplementary-material"}). A notable difference exists in the ratio of epicuticle to procuticle thickness. In the anterior chamber the procuticle is significantly thicker than the epicuticle and the ratio of epicuticle to procuticle thickness is approximately 1:5 (Fig. [4A](#F4){ref-type="fig"}). The ratio of epicuticle to procuticle thickness in the papillate region is between 1:3 and 1:1 (Fig. [4B, E](#F4){ref-type="fig"}). In the papillate region the epicuticle is thicker than in the anterior chamber. The difference was also observed in the procuticle sublayers that appear due to helicoidally arranged chitin protein fibres. In the anterior chamber the procuticle sublayers can be distinguished (Fig. [4A](#F4){ref-type="fig"}). The procuticle sublayers in the papillate region are either less pronounced and thicker than in the anterior chamber (Fig. [4B](#F4){ref-type="fig"}) or not visible (Fig. [4E](#F4){ref-type="fig"}). In addition, the ultrastructure of connections between apical plasma membrane and cuticle is shown. Connections are present in individual epithelial cells in both hindgut regions and consist of electron dense fibres, which extend from the electron dense plaques at the apical cell surface into the procuticle. These fibres are more prominent in the anterior chamber (Fig. [6A](#F6){ref-type="fig"}). Connections in both hindgut regions are associated with apico-basally oriented bundles of microtubule-like filaments. These bundles are more abundant in the papillate region (Fig. [6B, C, D](#F6){ref-type="fig"}).

In the papillate region of one specimen, bacteria were observed near the cuticle or directly attached to the fuzzy layer at the cuticle surface (Fig. [7A](#F7){ref-type="fig"}). Spherical or rod-shaped profiles of sectioned bacteria were noted. A dense cytoplasm is enveloped by two electron dense sheets enclosing the middle electron lucent sheet. bacteria are connected to the fuzzy layer of epicuticle by thin filamentous structures (Fig. [7B](#F7){ref-type="fig"}). The thin filamentous connections between bacterial cells are also clearly resolved (Fig. [7A](#F7){ref-type="fig"}).

![Ultrastructure of the cuticle in the anterior chamber and the papillate region. **A** The cuticle in the anterior chamber consists of thin epicuticle (EPI) and thick procuticle (PRO) with distinct sublayers. Between the epicuticule and the procuticle, a thin layer of intermediate electron density is present (arrow) **B** Cuticle in the papillate region consists of epicuticle (EPI) which is proportionally thicker according to the procuticle (PRO). Procuticle sublayers are less pronounced than in the anterior chamber. Between the epicuticle and the procuticle a thin layer of intermediate electron density is present (arrow) **C, D** The outer part of the epicuticle (EPI) in the anterior chamber (**C**) and in the papillate region (**D**) is three-layered (arrow) and covered with a fuzzy layer (arrowhead) **E** Procuticle (PRO) in the papillate region can be of approximately the same thickness as epicuticle (EPI) and without apparent sublayers.](zookeys-801-427-g004){#F4}

![Cuticle and basal lamina thickness in the two hindgut regions. Median values of cuticle thickness (**A**) and basal lamina thickness (**B**) in cells from the anterior chamber (blue) and the papillate region (red) of three specimens.](zookeys-801-427-g005){#F5}

![Ultrastructure of junctions between cuticle and apical plasma membrane. **A** Junctions between cuticle and apical plasma membrane in the anterior chamber visible as electron dense structures (arrows), from which fibers (arrowheads) extend into the procuticle **B** Junctions between cuticle and apical plasma membrane in the papillate region (arrowheads) associated with abundant bundles of microtubules inside the cell (arrow) **C, D** Higher resolution images of bundles of microtubules (MTB) associated with junctions between cuticle and apical plasma membrane. Image **D** displays the area denoted on image **C** (red rectangle) where individual microtubules (arrows) can be discerned.](zookeys-801-427-g006){#F6}

![Bacteria associated with hindgut cuticle in the papillate region of one specimen. **A** bacteria are visible near or at the cuticle (C) surface. Bacterial cells are connected to each other with thin filamentous structures (arrow) **B** bacteria are connected to the fuzzy layer of epicuticle (arrow) by thin filamentous structures (arrowheads).](zookeys-801-427-g007){#F7}

Apical and basal plasma membrane labyrinths {#SECID0ETAAE}
-------------------------------------------

The general characteristic of the apical and basal plasma membranes of epithelial cells in both hindgut regions is that they are infolded, and form apical and basal plasma membrane labyrinths. However, considerable differences between the two hindgut regions were observed in the depth of the membrane infoldings, in the spatial density of membrane infoldings and in the abundance of mitochondria associated with membrane infoldings. The apical plasma membrane in cells of both hindgut regions forms extensive and complex labyrinth of cytoplasmic strands and extracellular spaces. Numerous mitochondria are present inside the cytoplasmic strands (Figs [8A, B, C](#F8){ref-type="fig"}). In the anterior chamber, the cytoplasmic strands are separated by extracellular spaces that are of approximately the same width as the cytoplasmic strands (Fig. [8A](#F8){ref-type="fig"}). Certain sections indicate that cytoplasmic strands are tubular structures rather than leaflets (Fig. [8B](#F8){ref-type="fig"}). In the papillate region the cytoplasmic strands are narrow and separated by wide extracellular spaces (Fig. [8C](#F8){ref-type="fig"}).

The differences in the basal membrane labyrinths of epithelial cells in the two hindgut regions are even more prominent. The basal plasma membrane in the anterior chamber forms relatively sparse narrow infoldings which are accompanied by scant mitochondria (Fig. [9A](#F9){ref-type="fig"}). The abundance of mitochondria in the vicinity of basal infoldings is no greater than elsewhere in the cytoplasm. In the papillate region the infoldings of basal plasma membrane are closely spaced and form a deep basal labyrinth. Mitochondria in the papillate region are concentrated in the area of basal labyrinth and associate with the basal membrane infoldings (Fig. [9B](#F9){ref-type="fig"}). In both hindgut regions the basal plasma membrane is supported by an outstandingly thick basal lamina, measuring typically between 100 and 300 nm. In the anterior chamber in particular, the basal lamina can reach up to 400 nm in thickness (Fig. [5B](#F5){ref-type="fig"}, Suppl. material [3](#S3){ref-type="supplementary-material"}). Hemidesmosome-like junctions, visible as small electron dense plaques (Fig. [9C, D](#F9){ref-type="fig"}), were observed at sites where the basal plasma membrane is in contact with the basal lamina.

Measurements of the membrane labyrinths depth suggest that the apical and the basal labyrinths are both deeper in the papillate region in comparison to the anterior chamber and that in both hindgut regions the apical membrane labyrinth is slightly deeper than the basal membrane labyrinth (Fig. [10A](#F10){ref-type="fig"}). The apical labyrinth is mainly between 2 and 5 µm deep in the anterior chamber and between 3 and 15 µm deep in the papillate region (Suppl. material [4](#S4){ref-type="supplementary-material"}). The basal labyrinth is mainly between 1 and 4 µm deep in the anterior chamber and between 3 and 10 µm deep in the papillate region (Suppl. material [5](#S5){ref-type="supplementary-material"}). Measurements of the spatial density of membrane infoldings suggest that in the anterior chamber the apical infoldings are more closely spaced than the basal infoldings, while in the papillate region the spatial densities of apical and basal infoldings are more equal (Fig. [10B](#F10){ref-type="fig"}). The apical membrane infoldings are more closely spaced in the anterior chamber (5--8 infoldings/µm) than in the papillate region (3--6 infoldings/µm) (Suppl. material [6](#S6){ref-type="supplementary-material"}). The basal membrane infoldings are more closely spaced in the papillate region (3--5 infoldings/µm) than in the anterior chamber (1--4 infoldings/µm) (Suppl. material [7](#S7){ref-type="supplementary-material"}).

![Ultrastructure of the apical plasma membrane labyrinth in the anterior chamber and the papillate region. **A** Apical membrane labyrinth (AL) in the anterior chamber. In the cytoplasmic strands mitochondria (arrowheads) are present **B** A tubular appearance of cytoplasmic strands is evident in certain sections (arrow) **C** Apical membrane labyrinth (AL) in the papillate region. Key: arrowheads -- mitochondria, CUT -- cuticle.](zookeys-801-427-g008){#F8}

![Ultrastructure of the basal plasma membrane labyrinth in the anterior chamber and the papillate region. **A** Basal plasma membrane in the anterior chamber forms sparse narrow infoldings (arrows) **B** Extensive basal membrane labyrinth (BL) in the papillate region is associated with numerous mitochondria (arrowheads) **C** Basal lamina in the anterior chamber. Hemidesmosome-like junctions are visible as small electron dense plaques (arrowheads) **D** Basal lamina in the papillate region. Hemidesmosome-like junctions are visible as small electron dense plaques (arrowheads). Abbreviation: M -- muscle.](zookeys-801-427-g009){#F9}

![Apical and basal labyrinth depth and density of membrane infoldings in the two hindgut regions. Scatter plots depict: **A** Median values of apical labyrinth depth versus the median values of basal labyrinth depth in cells from the anterior chamber (blue) and the papillate region (red) of three specimens **B** Median values of apical infoldings density against the median values of basal infoldings density in cells from the anterior chamber (blue) and the papillate region (red) of three specimens. The central line in both plots is the line of equality. Points lying on the line indicate that median value of depth/density is equal, apically and basally. Points below the line indicate that the median value of depth/density is larger apically than basally. Points above the line indicate that the median value is larger basally than apically.](zookeys-801-427-g010){#F10}

Cell junctions {#SECID0ECFAE}
--------------

The junctional complexes between epithelial cells in both hindgut regions consist of subapically located adherens junctions and septate junctions which are located beneath the adherens junctions (Fig. [11A, B](#F11){ref-type="fig"}). Ultrastructurally, the adherens junctions appear to be alike in both hindgut regions. They consist of two electron dense plaques at the cytoplasmic sides of lateral plasma membranes of the two neighbouring cells and electron dense material in the intercellular space between the membranes (Fig. [11C](#F11){ref-type="fig"}). The ladder-like septate junctions are visible as strings of electron dense septa in the intercellular space between lateral plasma membranes of the two neighbouring cells. Strings of electron dense septa are interrupted at some sites by dilated intercellular spaces. Abundant microtubules are present in the vicinity of septate junctions (Fig. [11D](#F11){ref-type="fig"}).

Septate junctions in both hindgut regions occupy considerable portions of the lateral membranes. In the papillate region the membrane area with septate junctions is intensely convoluted and the overall length of septate junctions is larger than that of the anterior chamber (Fig. [11](#F11){ref-type="fig"}). Large parts of lateral plasma membranes, which lie basally of the septate junctions, are heavily interdigitated between neighbouring cells (Fig. [12](#F12){ref-type="fig"}).

![Ultrastructure of cell junctions in the anterior chamber and the papillate region. **A** The junctional complex in the anterior chamber consists of subapically located adherens junctions (AJ) and septate junctions (SJ) located beneath the adherens junctions **B** The junctional complex in the papillate region consists of subapically located adherens junctions (AJ) and extremely long and convoluted septate junctions (SJ) located beneath the adherens junctions **C** Adherens junctions consist of two electron dense plaques (arrowheads) at the cytoplasmic sides of lateral plasma membranes of two neighbouring cells and electron dense material in the intercellular space between the membranes **D** Septate junctions are visible as electron dense septa arranged in strings (arrow). Dilated intercellular spaces are visible where septate junctions are locally interrupted (arrowhead). Abbreviations: C -- cuticle, AI -- apical infoldings, SJ -- septate junction.](zookeys-801-427-g011){#F11}

![Lateral parts of epithelial cells in the anterior chamber and the papillate region. **A** Two neighbouring cells in the anterior chamber **B** Two neighbouring cells in the papillate region. Abbreviations: LID -- area of lateral interdigitations, AL -- apical labyrinth, BL -- basal labyrinth, M -- muscle.](zookeys-801-427-g012){#F12}

Na^+^/K^+^-ATPase activity localisation {#SECID0EEIAE}
---------------------------------------

Na^+^/K^+^-ATPase activity was localised indirectly through lead phosphate deposits, which were present in the procuticle and along apical membranous invaginations of the anterior hindgut in postmoult and intermoult animals. The deposits were observed in tubular and dilated vacuolar infoldings (Fig. [13A](#F13){ref-type="fig"}) and were not localised in apical mitochondria. In the hindgut papillate region Na^+^/K^+^-ATPase activity was very intense in postmoult animals (Fig. [13B](#F13){ref-type="fig"}) with abundant reaction product in newly secreted procuticle and along deep tubular apical infoldings. Some reaction product was present also along basal membrane infoldings. In control sections where K^+^ ions were replaced by Na^+^ ions, deposits were not detected (Fig. [13C](#F13){ref-type="fig"}), but some deposits were present in controls treated with ouabain (Fig. [13D](#F13){ref-type="fig"}).

![Localization of Na^+^/K^+^-ATPase activity in hindguts of intermoult and postmoult animals. **A** Na^+^/K^+^-ATPase activity in the anterior chamber of intermoult *P.scaber*. Electron dense deposits are present along tubular (arrowheads) and dilated (arrows) apical membranous infoldings and in the procuticle (PRO) **B** Na^+^/K^+^-ATPase activity in the papillate region of postmoult *P.scaber*. Abundant deposits are present along the apical infoldings (arrowheads) and in the procuticle (PRO) **C** Control section in the anterior chamber of intermoult animal where K^+^ ions were replaced by Na^+^ ions. No reaction product is present along apical infoldings (AI) or in the cuticle (C) **D** Control section in the papillate region of postmoult animal treated with ouabain. Some deposits (arrowheads) are present along the apical infoldings. Abbreviations: C -- cuticle.](zookeys-801-427-g013){#F13}

Discussion {#SECID0EOLAE}
==========

The present study complements and upgrades the previous knowledge of the hindgut epithelial cell ultrastructure in isopods by providing a detailed description and quantification of ultrastructural characters of these cells and their comparison between the main two hindgut regions. We also report on connections between the epithelial cells and the hindgut cuticle, which were not described in previous works. Our results show clear evidence of prominent ultrastructural differences between the epithelia in the anterior chamber and in the papillate region. Cuticle structure and the thickness of epicuticle and procuticle differ significantly between the two hindgut regions, which suggests different mechanical and functional aspects of the cuticle, such as permeability, stiffness, and compactness. Another feature that differentiates epithelial cells in the two hindgut regions is the intensity of apical and basal membrane infolding. This is likely related to transport of nutrients, water and ions through epithelia between the hindgut lumen and haemocoel. Epithelial cells differ also in the extent of septate junctions and the interdigitations of lateral plasma membranes, which are important for the epithelial paracellular permeability in the two hindgut regions.

Epithelial cells in the hindgut of *P.scaber* are in general columnar to isodiametric and large, measuring between 40 and 100 µm in diameter. We consider that the cell width and height varies also due to contractions of an extensive neuromuscular network and due to distension of epithelium in guts filled with food. Measured epithelial cells in the papillate region were flatter since the papillate region in majority of specimens was completely full and epithelium was more distended.

Both the hindgut epithelium and the epidermis in crustaceans are of ectodermal origin and are apically lined by a chitinous cuticle. A structural comparison between these two different cuticles in the same species is helpful in the evaluation of the observed cuticle characteristics in relation to their specific functions. While the epidermis with the mineralised exoskeleton provides protection against predators, infections and desiccation, communicates with external environment and provides mechanical support of the body crucial for locomotion, the hindgut epithelium is involved in transport of nutrients, water and ions ([@B27], [@B22]). The ultrastructure and composition of exoskeletal cuticle in isopods, including *P.scaber*, have been described precisely ([@B10], [@B64], [@B79], [@B65], [@B24], [@B25], [@B59], [@B60], [@B70]) and here the ultrastructure of the *P.scaber* hindgut cuticle is discussed in respect to the exoskeleton of this animal. The hindgut cuticle of *P.scaber* is about ten times thinner than the exoskeletal cuticle, which is likely a modification for passage of molecules and ions. But on the other hand, the hindgut epicuticle is between one and four-times thicker than that of the exoskeleton (\~150 to 250 nm). Accordingly, the ratio of epicuticle thickness to procuticle thickness is considerably higher in hindgut cuticle than in exoskeletal cuticle of *P.scaber*. The hindgut cuticle is connected to individual epithelial cells by cuticle--epithelium attachments, which ultrastructurally resemble connections between the exoskeletal cuticle and specialised epidermal cells (tendon cells) in arthropods ([@B7], [@B48], [@B40], [@B3], [@B83]).

The hindgut epicuticle of *P.scaber* structurally resembles the homogenous inner and trilayered outer epicuticle of the animals' exoskeleton. The detailed description of the outer epicuticle in isopod exoskeletons revealed that it usually consists of several thin layers ([@B79], [@B10], [@B70]). The additional electron dense layer, deposited inside the outer epicuticle of exoskeleton, has been referred to as the 'waxy layer' and is presumably composed of lipids and acts as a surface waterproofing barrier ([@B10]). This layer was not distinguished in *P.scaber* hindgut epicuticle and thus may not be present in this case. This could imply better permeability of the hindgut cuticle. The fuzzy layer covering the epicuticle surface has already been reported in *P.scaber* hindgut by [@B26] as a diffuse outer layer of epicuticle. It resembles the exoskeletal 'surface coat', which has been reported to be more pronounced in aquatic crustaceans ([@B11]) and thinner in isopods ([@B10], [@B70]). The function and composition of the surface coat in the crustacean exoskeleton is not fully understood. More data are available for the similar fuzzy surface coat overlying the trilayered epicuticle in nematode integument, but it must be stressed here that the nematode cuticle is composed largely of collagen and is in this concern not directly comparable to the chitinous cuticle of arthropods. The main constituents of the nematode surface coat appear to be glycoproteins and proteins and its biological role is mainly assigned to the interactions between nematodes and microorganisms, as well as between parasitic nematodes and their hosts ([@B30], [@B77], [@B4], [@B61]). In the papillate region of one specimen we observed bacteria attached to the fuzzy layer of epicuticle with thin filamentous structures. In terrestrial isopods it is known that some bacteria are able to attach to the hindgut cuticle. This has been reported for the rod-like bacteria *Candidatus* Bacilloplasma, which is known to attach to the tips of cuticular spines in the papillate region of *P.scaber* with spherical attachment structures ([@B36], [@B37], [@B38]). The inner epicuticle is thicker in the papillate region than in the anterior chamber. This may influence different epithelial permeability and mechanical properties. [@B81] reported that the cuticle in the anterior chamber of *P.scaber* is permeable to the molecules up to the size of the *tri*-galloyl-glucose, while in the papillate region the cuticle is impermeable for the molecules of the size of glucose. The cuticle in the anterior chamber thus allows the absorption of digestive products up to the size of 1.9 nm ([@B82]). Thin vertical canals in the inner epicuticle described in insect and crustacean exoskeletons ([@B43], [@B12], [@B13], [@B10], [@B11], [@B79]), were not observed in our study of the hindgut cuticle. Epicuticular canals in exoskeleton serve as access routes for lipids in insects ([@B43]) and it has been suggested that they may be related to the waxy layer formation in the isopod exoskeleton ([@B10]).

The procuticle in the hindgut displays distinctive sublayers, which are more obvious in the anterior chamber. The hindgut cuticle has thinner procuticle relative to the entire cuticle thickness, and structurally displays less pronounced organisation of the chitin-protein lamellae than the exoskeletal cuticle. The lamellar organisation contributes to exoskeletal cuticle stiffness and mechanical resistance as a consequence of the complex hierarchical structure at all levels of organisation, from molecules to helicoidally stacked chitin-protein planes ([@B54], [@B55], [@B17], [@B16]). The exoskeletal cuticle is in addition hardened by mineralisation ([@B14], [@B46], [@B16]). The difference between the hindgut and exoskeletal procuticles suggests different mechanical properties and indicates lower stiffness of the hindgut cuticle in comparison to that of the exoskeleton. As it is proposed for decapod exoskeleton, a higher stacking density of the chitin-protein planes leads to greater cuticle stiffness and hardness ([@B54]). In this regard, a closer resemblance of the procuticle in the anterior chamber to that of the exoskeleton, with more numerous and thinner lamellae, implies higher stiffness of the cuticle in this region than in the papillate region. This is in favour of active digestion of coarse food particles and intensive fluxes in relation to backflow of digested material through typhlosolis channels in the anterior chamber. These processes are caused by mechanical compression of the gut content performed by the surrounding muscular network, which is more pronounced in this region than in the papillate region. Pore canals traversing the cuticular matrix, generally characteristic of the exoskeletal cuticle, were not observed in the hindgut cuticle. Absence of pore canals is also characteristic of some flexible and elastic cuticles, such as cuticles of locust wing hinges and the pleural arch of fleas ([@B52]), both of which contain the elastic protein resilin ([@B74], [@B8]). Structurally similar procuticle as in the *P.scaber* papillate region, i.e. without discernible division between exocuticle and endocuticle and no clearly distinct sublayers, is present in cuticles of some other transporting epithelia of arthropods. In the marine isopod *Jaeranordmanni*, the cuticle of ion transporting gill epithelium consists of epicuticle and amorphous flocculent material underneath ([@B6]). The very thin cuticle of gills in dragonfly nymphs consists of epicuticle and procuticle in up to two sublayers ([@B52]). The tracheal cuticle of insects also consists of epicuticle and conspicuous procuticle with amorphous organisation of chitin ([@B50]). Cuticles of ion transporting epithelia often display epicuticular depressions as in the rectal chloride epithelium of larval dragonflies ([@B39]) and the rectal papillae of *Muscadomestica* ([@B18]) or porous plates as in mayfly larval gills ([@B35], [@B52]). Pores of different diameters have been reported at the cuticle surface in the hindgut of locust *Locustamigratoria*. Smaller pores in the cuticle covering the rectal pads are probably involved in water resorption ([@B33]). We did not observe any such specialisations in the hindgut cuticle of *P.scaber*. Overall, our results suggest that the hindgut cuticle of *P.scaber* shares some structural characteristics with some other cuticles in transporting epithelia and with some cuticles displaying a pronounced elasticity.

Infolded plasma membranes associated with mitochondria, as reported here for the hindgut epithelium, are a general characteristic of transporting epithelial cells. The infolded apical, lateral or basal plasma membranes enlarge the surface across which the transport can take place and provide enclosed extracellular spaces, where ion gradients can build up. This in turn can drive secondary transport and the flow of water. Associated mitochondria are important in providing energy for the active transport of ions ([@B9], [@B19], [@B73]). The differences in the extent of apical and basal surface amplification and in the association of mitochondria with plasma membrane infoldings indicate differences in function. In the anterior chamber the apical surface of epithelial cells is amplified and associated with mitochondria in particular. This reflects intensive material exchange between epithelial cells and the hindgut lumen, which supports the proposed role of anterior chamber in the absorption of nutrients ([@B27], [@B22]). In the papillate region both the apical and the basal surfaces of epithelial cells are greatly amplified and associated with mitochondria. This indicates intensive material exchange with both the hindgut lumen and the haemocoel, which is consistent with transepithelial transport of ions and water in the papillate region ([@B69], [@B15], [@B53]). Transepithelial transport of ions and water in the papillate region can drive osmoregulatory processes, such as ion sequestration in the hindgut during dehydration ([@B75]) or salt excretion with faeces in supralittoral and littoral genera *Ligia* and *Tylos* ([@B76]).

Epithelial cells in the anterior chamber of *P.scaber* have their apical surfaces amplified by apical membrane infoldings. More commonly, the absorptive cells in digestive systems of arthropods are of endodermal origin and have apical surfaces amplified by brush border of microvilli ([@B9], [@B28], [@B71], [@B57]). In terrestrial isopods, which lack endodermal midgut, such cells are present in hepatopancreas and probably fulfil the main part of nutrient absorption ([@B22]). Epithelial cells in the papillate region of *P.scaber* are structurally similar to various epithelial cells involved in ion transport. Ion transporting cells in arthropods often have amplified apical membrane in the form of leaflets ([@B9]). Examples of ion transporting epithelial cells with extensively infolded apical membranes are cells in the rectal papillae of *Calliphora* ([@B1]), the salt transporting cells in crustacean gills ([@B6], [@B67], [@B34], [@B44], [@B45]) and distal duct cells in salivary glands of cockroach *Periplanetaamericana* which modify the primary saliva by absorption of Na^+^ ions and secretion of K^+^ ions ([@B32]). Besides the apical infoldings, extensive basal labyrinths associated with numerous mitochondria are also common in the salt transporting epithelial cells in crustacean gills and the distal duct cells in cockroach salivary glands. In the epidermis of *P.scaber* the anterior sternal epithelium is involved in Ca^2+^ transepithelial transport during premoult and intramoult, when the formation and resorption of sternal CaCO~3~ deposits take place. Anterior sternal epithelial cells in premoult and intramoult animals have amplified basolateral plasma membranes in the form of interstitial dilations and ramifying channels. In intramoult animals, the apical plasma membranes are also amplified by subcuticular folds. Such elaborations of basolateral and apical plasma membranes are absent in the posterior sternal epithelium ([@B78]).

Two important ion pumps in ion transporting epithelia are the Na^+^/K^+^-ATPase and the vacuolar H^+^-ATPase ([@B73]). In the hindgut of *P.scaber* Na^+^/K^+^-ATPase activity is localised primarily in the apical membranes of epithelial cells and scantly in the basal membranes. The intense ATPase activity in the apical membranous labyrinth of papillate region is probably due to extensive transepithelial transport of the water and ions necessary for osmoregulation. This apical localisation of Na^+^/K^+^-ATPase is rather unusual, since in general it is more common that the Na^+^/K^+^-ATPase is localised in the basolateral membranes of epithelial cells. In decapod Crustacea the Na^+^/K^+^-ATPase activity was cytochemically localised in the basolateral membranes of ion transporting cells in gill epithelia of crabs *Callinectessapidus* and *Carcinusmaenas* ([@B68]). Na^+^/K^+^-ATPase was also immunolocalised in the basal membranes of branchiostegite epithelial cells in lobster *Homarusgammarus* ([@B42]) and shrimp *Macrobrachiumamazonicum* ([@B5]). [@B32] immunolocalised Na^+^/K^+^-ATPase in the salivary gland of cockroach *P. Americana*. In this case ATPase is localised in the apical membranes in peripheral cells for secretion of NaCl rich primary saliva and in the basolateral membranes of distal duct cells which modify the saliva by absorption of Na^+^ and secretion of K^+^. In terrestrial isopods Na^+^/K^+^-ATPase activity was cytochemically localised in the basolateral or apical membrane infoldings in the posterior hindgut of *A.officinalis* ([@B72]). Na^+^/K^+^-ATPase was also immunolocalised in the basolateral membranes of the anterior and posterior sternal epithelial cells of premoult and intramoult *P.scaber* ([@B80]).

The outstanding ultrastructural hallmarks of the hindgut epithelium are extensive septate junctions (SJ) located basal to adherens junctions. In different arthropod epithelia, two types of septate junctions have been described: pleated SJ and smooth SJ, which both typically form circumferential belts around the apicolateral regions of epithelial cells ([@B29], [@B31]). Pleated SJ are generally observed in ectodermal epithelia, including epidermis, foregut and hindgut and their septa form regular undulating rows. Smooth SJ are present in endodermal epithelia and their septa are arranged in parallel lines. Data on morphology of arthropod SJ are extensive, but their functional aspects, molecular architecture and regulation are still not well characterised and these studies are limited mostly to *Drosophila*. Septate junctions are considered occluding junctions, restricting the passage of material through the paracellular pathway, but detailed properties of their barrier function are not clearly understood. The extensive SJ documented in our study imply that the paracellular transport is tightly regulated in the whole hindgut and in particular in the papillate region, where the SJ area is enlarged due to convoluted plasma membrane and where the cumulative number of septa spanning the intercellular space is higher. In the vicinity of septate junctions numerous microtubules were observed. As clusters of cross-sectioned microtubules were evident, we consider that these microtubules run parallel to lateral plasma membranes. A similar organisation of microtubules associated with septate junctions was observed in gill epithelium of some gammarid amphipods ([@B58]), which was interpreted as a protection against expansion and contraction of cells in the lateral plane necessary for the integrity of the permeability barrier.

The basal lamina beneath the basal plasma membrane of epithelial cells in both hindgut regions is outstandingly thick (100 -- 300 nm). The typical thickness of basal laminae in vertebrates is between 50 and 100 µm ([@B20]). Analyses of vertebrate basal laminae revealed their heterogeneity in molecular composition and organisation and elucidated diversity in their biological roles ([@B41]). Basal laminae fulfil many biological functions, among others they provide structural support for cells and serve as selective barriers. In recent years, valuable data on biomechanical properties of basal laminae became available, which importantly improved the understanding of their complex properties and dynamics ([@B21], [@B49]). Data on basal laminae structure and properties in invertebrates are scarce. [@B56] investigated the penetration of gold nanoparticles through different insect basal laminae. Basal laminae of tissues that synthesise and secrete haemolymph proteins, such as fat body, epidermis and pericardial cells, have thin basal laminae, which are permeable for gold nanoparticles, up to 15 nm in diameter. The basal laminae of tissues such as silk glands, Malpighian tubules, heart and muscles, which are not involved in the synthesis of haemolymph proteins, have thick basal laminae, which are impermeable for gold nanoparticles 6 nm in diameter. The thick basal lamina in *P.scaber* hindgut thus might be a modification related to the mechanical integrity of the hindgut that has to be adapted to a changing volume and has to withstand forces due to muscles contractions. As basal lamina is in general an integrative part of tissue permeability/barrier properties, additional data on the molecular composition would be necessary to evaluate further this issue.

Conclusions {#SECID0EDGAG}
===========

Epithelial cells in both hindgut regions have ultrastructural features typical of transporting epithelia. The observed ultrastructural differences indicate different transport roles in the two hindgut regions and are consistent with the proposed nutrient absorptive function of anterior chamber and transepithelial ion and water fluxes of the papillate region.

Thicker procuticle with more numerous thinner lamellae implies higher stiffness of cuticle in the anterior chamber in comparison to the papillate region. This could be linked to the intensive food processing in the anterior chamber by the contraction of the surrounding muscle layers.

The hindgut cuticle is connected to individual epithelial cells by anchoring junctions on the apical plasma membrane and fibres that protrude into the cuticular matrix, which is a similar architecture as reported for exoskeletal cuticle connections to tendon cells.

Epithelial cells in the anterior chamber have an extended apical surface in particular. This indicates extensive exchange of material between cells and the hindgut lumen, which supports the proposed nutrient absorptive function of the anterior chamber. In the papillate region, both the apical and the basal surfaces are greatly increased. This indicates extensive exchange of material with both the hindgut lumen and haemocoel, which is consistent with transepithelial transport of ions and water in the papillate region involved in osmoregulation.

The intense Na^+^/K^+^-ATPase activity at infoldings of apical plasma membrane may represent the driving force for transepithelial transport of ions and water in the papillate region.

Extensive septate junctions in *P.scaber* hindgut indicate that the paracellular transport is tightly regulated in the entire hindgut and especially in the papillate region.

The basal lamina is relatively thick in comparison to basal laminae in other tissues and probably provides mechanical support for the hindgut epithelium.
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SI Figure 1. Boxplots depicting individual measurements of cell size and cell nuclei diameter
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SI Figure 2. Boxplots depicting individual measurements of cuticle thickness
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SI Figure 3. Boxplots depicting individual measurements of basal lamina thickness
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SI Figure 4. Boxplots depicting individual measurements of apical membrane labyrinth depth

Data type: boxplot

This is an open access article distributed under the terms of the Creative Commons Attribution License (CC BY 4.0), which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Urban Bogataj, Monika Praznik, Polona Mrak, Jasna Štrus, Magda Tušek-Žnidarič, Nada Žnidaršič

###### 

SI Figure 5. Boxplots depicting individual measurements of basal membrane labyrinth depth
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SI Figure 6. Stripcharts depicting individual measurements of the spatial density of apical membrane infoldings
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SI Figure 7. Stripcharts depicting individual measurements of the spatial density of basal membrane infoldings
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